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Abstract. This paper presents a high speed surface profile optical measurement technique based on 
white light spectral interferometry and parallel signal processing using a general purpose graphic 
processing unit (GPGPU). A white light source is used to acquire the surface profile of the sample 
instantly in real time through a cylindrical Michelson interferometer. The interference signals are 
resolved by a diffraction grating and recorded by a high speed CCD camera. The spectrum of the 
interference signal contains the phase information in just one shot of the CCD camera frame image. 
By analysing the spectrum of the interference signal, the system can measure a surface profile as the 
measured surface in a moving state. As the measured surface laterally passes through the 
measurement arm of the interferometer, a surface map can be constructed by combining each of the 
measured profiles. Structured surface samples were measured and the results are discussed. This 
measurement system can be applied for roll-to-roll processed film surface inspection. 
  
Introduction 
The rapidly increasing use of nano scale and ultra-precision structured surfaces is widely spread in 
many application ranges and covers photovoltaic thin film, optics, Si wafers, hard disks, 
MEMS/NEMS, micro fluidics and micro moulding. These industries all critically rely on ultra 
precision surfaces. There is however a fundamental limiting factor to the manufacture of such 
surfaces, namely the ability to measure the product rapidly in the manufacturing environment. It has 
been reported that currently the quality of fabrication depends largely on the experience of process 
engineers backed up by an expensive trial-and-error approach [1]. 
In those industries making high volume large area foil products such as paper and packaging 
products, and in emerging market sectors such as flexible electronics, the manufacturing processes 
often involve the deposition and patterning of multi-layer thin films on large area substrates and foils. 
For these types of product, increased product performance and functionality can come from an 
increase in the number of layers, or a decrease from micro- to nano-scale in the thickness of individual 
layers or size of pattern features. To achieve a high yield in the coating and patterning processes, the 
films must be uniform and largely perfect over most of the area of the foil. However there is an 
increased risk of defects forming as the number of interfaces increases in the multi-layer films, and the 
size and nature of those defects changes as the layer thicknesses shrink to the nano-scale [2-3]. 
Optical profilometry has been widely explored [4-7]. The technique has the advantage of giving 
non- contact and high accuracy measurements. However, they are either restricted by application to a 
surface discontinuous height step of less than half of the illuminating wavelength or slow scanning 
speed. There are three demands for extending its application field to structured surface evaluation in 
the manufacturing environment, namely high measurement speed, large measurement/resolution 
ratio, and noise insensitivity. 
Dispersive interferometry has been reported by many researchers worldwide in the field of 
absolute distance, displacement and profile measurement [8-10]. Surface topography measurements 
are based on phase shifts due to wavelength variations, avoiding any optical path difference scanning 
 and phase shift calibration problems. Absolute optical path difference can be measured without 2pi 
phase ambiguities. 
This paper presents a high speed profile optical measurement technique based on white light 
spectral interferometry and parallel signal processing using a general purpose graphic processing unit 
(GPGPU). A white light source is used to acquire the surface profile of the sample instantly in real 
time through a Michelson interferometer. The interference signals are resolved by a diffraction 
grating and recorded by a high speed CCD camera. The spectrum of the interference signal contains 
all the phase information in just one shot of a CCD camera frame image. By analysing the spectrum of 
the interference signal the system can measure a surface profile as the measured surface in a 
constantly moving state. As the measured surface laterally passes through the measurement arm of the 
interferometer, a surface map can be constructed by combining each of the measured profiles. 
Structured surface samples were measured and the results are discussed. It can be used for surface 
measurement with discontinuous surface profiles.The system can be used for on-line or in-process 
measurement on shop floors. Measurement results from step height standard and other samples were 
presented and nanometre accuracy achieved. These techniques combined have the potential to be used 
for real-time measurement of high precision surfaces such as those resulting from roll-to-roll (R2R) 
film processing, lithographic etching processing, doping, CVD/PVD coatings, lapping, and CMP 
processing on the production line. 
Measurement principle 
The basic configuration of the instant surface profile measurement system is illustrated in Fig. 1. The 
measurement system is employed a cylindrical Michelson interferometer. A white light source is used 
to acquire the surface profile of the sample instantly in real time. The light beams from the white light 
are coupled into an optical fibre patch cable and then collimated by Collimator 2. The collimated 
beam is then passed through a cylindrical objective lens and split into two beams by a beam splitter. 
One beam is incident into a reference mirror and the other beam is incident into a measured sample. 
The two beams of light are than brought together through a cylindrical lens and an image lens. A slit is 
used to block the lights that are redundant for measurement. Only a narrow line of light which 
represents an interference signal of a profile of the measured surface is passed through the slit. After 
this, the light is incident onto a reflective diffraction grating. The spectrum of the interference signal is 
separated by the diffraction grating. For a diffraction grating with spacing d, if a plane wave is 
incident at an angle i, the light of wavelength  appears at angle m and the diffraction order m 
satisfies the following relation: 
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      Consider only the first order with normal incident light, the above equation becomes: 
md θλ sin=
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By selecting a proper grating space, the distance between the grating and CCD camera and the 
angle between the CCD camera and the diffraction grating, the CCD is able to capture a band of light 
between 500 nm and 600 nm in a linear way with respect to the CCD pixels and the spectral 
wavelength. 
The interference fringe intensities detected by a row of pixels lie parallel to the slit of the 
spectrometer and have the same mean wavelength . For a pixel (x) on a row of the CCD camera that 
corresponds to a point (x’) on the profile of the test surface, the intensity of the fringes can be 
expressed by: 
))(cos(),(),(),( xkhkxBkxAkxI +=
                                                                                           (3) 
where A(x,k) and B(x,k) are the DC component and fringe visibility respectively, k is the angular 
wave number 2/ , and h(x) is the absolute optical path difference of the interferometer. 
 
 The phase of the interference signal, (x,k) is given by: 
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Figure 1. System configuration  
      
The phase shift of the interference signal owing to the angular wave number shift is given by: 
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.                                                                                                                     (5) 
The phase change of the interference signal is proportional to the wave vector k change. Then the 
optical path difference h(x) is given by: 
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Since a phase change of  can be easily detected by using a zero cross algorithm of the 
interference signal, and the change of k can be calibrated first by using several single wavelength 
lasers, surface height distribution can be calculated by Eq. (5). A height map of the measured profile is 
available by processing the images of a series of rows pixels of the CCD camera which represent the 
interference fringes from a sequence of wavelengths. 
However, the above phase calculation algorithm is not accurate in practice since not all the rows 
of a CCD frame are utilised. The height resolution is limited to several tens of nanometers. Some 
researchers have proposed several phase calculation algorithms to realise nano resolution 
measurement based on a least-square fitting approach or a seven-point method similar to conventional 
phase shifting interferometry [11, 12]. Both of them take advantage of the full CCD frames. 
In the production line, such as roll-to-roll film processing, the measured sample moves at a 
constant speed v in the y direction, which is perpendicular to the measured profiles. If the frame rate of 
the CCD camera is f fps, it is possible to build a 3D surface profile with a sample spacing at: 
 y f
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Measurement results and discussion  
 
The experimental setup is shown in Fig 2. Two interferometer configurations; a cylindrical lens 
interferometer and a microscope objectives Michelson interferometer setup respectively; are included 
in the system. The cylindrical lens system projects a narrow line onto the measured sample and the 
reference surfaces and reflected signals are combined through a cylindrical lens and an image lens. 
The samples are fixed on a mirror holder with a post mounted on a linear stage. As the linear stage 
moves, the CCD camera captures the spectral resolved interference images. The spectrometer was 
calibrated by using the light passing through an acousto-optical tunable filter.   
A measured profile of a mirror surface and the phase signals processing sequences of one single 
row of CCD pixels are shown in Fig. 3. The spectral resolved interference signal captured by the CCD 
camera is shown in the top left image. It contains the interference signal and the background of the 
light source. By calibrating the light source, the background can be removed from the captured 
signals. The top middle image shows the spectral background of the light source. The top right image 
shows the interference signal after the background signal has been removed. The wrapped phase 
signals are shown in the middle left image and the unwrapped phase signals are shown in the middle 
right image. The optical path difference (OPD) can be calculated from the unwrapped phase signal. 
By combining all the OPD values of the whole row of the CCD pixels, the measured profile can be 
generated as shown in the bottom image. The tested surface is a mirror with /10 flatness. The 
measurement result shows that the peak-peak value of the measured profile is less than 40 nm, which 
is within the flatness specifications of the mirror. 
 
 
Figure 2. Experimental setup of the white light spectral interferometry  
 
          
 
 
Figure 3. Surface profile measurement of a mirror surface and the signal processing 
 
When a measurement sample moves in a perpendicular direction to the measurement beam as the 
linear stage driven at a constant speed, a 3D surface measurement can be achieved. A step height 
sample made by Rubert & Co. Ltd. with 30 µm depth and 0.5 mm width has been measured. The 
measurement data contains 600 sampled profiles as the linear stage moved at 10 mm/s. The areal 
surface measured by the cylindrical lens white light spectral interferometer is shown in Fig. 4(a). A 
profile plot is shown in Fig 4(b). The same sample was measured by a Taylor-Hobson CCI 
instrument. The profile measurement result is close to the result of the CCI. The areal surface map 
appears to be rough and the measured profiles’ vertical position varies in several micrometre ranges 
along the lateral scanning direction. This is because the sample was mounted on a 100mm post, which 
is connected to the linear stage, so any of the tilt, yaw and pitch errors of the linear stage were 
magnified through the long post. In the measurement surface map it appears as the variation in the 
vertical position of the profiles. By reducing the length of the post, these variations can be reduced. In 
the R2R surface inspection, only defects on the film surface are the concern of the quality control. It 
will be detected by a profile measurement. The variation of the vertical position of the measured 
profile will not affect the inspection result. 
 
 
(a) (b) 
Figure 4. Measurement by the cylindrical lens white light spectral interferometer on a 30 µm step 
height sample: (a) areal surface map; (b) a profile plot 
 
  
Conclusion 
 
This paper presents a high speed surface profile optical measurement technique based on white light 
spectral interferometry and parallel signal processing using GPGPU. Nanometer accuracy surface 
measurement results have been obtained for a 30 µm step height sample and a mirror surface. There is 
no need for optical path scanning as found in conventional white-light vertical scanning 
interferometry.  For a CCD camera with 200 fps rate, capturing a full frame image only takes 5 ms 
time. By combining a high speed CCD camera and a GPGPU, the system is able to perform fast 
profile on-line surface inspection. 
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